tions in diabetes, as manifested by impaired wound healing and reduced collateral formation in ischemia. However, the mechanisms underlying EPC dysfunction in diabetes are incompletely understood.
Normal EPCs are resistant to oxidative stress, because of their high intrinsic expression of antioxidant enzyme manganese superoxide dismutase (MnSOD) (5, 14) . In diabetes, excessive oxidative stress impairs EPC functions (3, 36) . We recently reported that decreased expression of MnSOD critically contributes to impaired EPC functions in type 2 diabetes (24) . AMP-activated protein kinase (AMPK) is a serine/threonine protein kinase involved in the regulation of cellular and organismal metabolism. AMPK acts as a new regulator of angiogenesis that is specifically required for endothelial cell migration and differentiation under conditions such as hypoxia (27) . Activating AMPK signaling was found to stimulate EPC angiogenesis in response to ischemic stress in vivo (6) . More direct evidences demonstrate that activated AMPK promoted EPC differentiation, and angiogenesis in vitro and in vivo (20) . However, little information exists regarding the role of AMPK on EPC angiogenic functions in diabetes.
Interestingly, AMPK activation was reported to reduce hyperglycemia-induced mitochondrial reactive oxygen species (ROS) production by induction of the MnSOD pathway in endothelial cells (19) . These findings support the notion that AMPK exerts a beneficial effect on endothelial function by suppressing oxidative stress in endothelial cells. In our study, EPCs from streptozotocin (STZ)-induced type 1 diabetic mice demonstrated deficient AMPK activation and decreased expression of MnSOD. Based on these findings, the present study tested the hypothesis that AMPK activation suppresses EPC mitochondrial superoxide level and rescues their angiogenic dysfunction through MnSOD induction in type 1 diabetes.
MATERIALS AND METHODS

Animals and Induction of Type 1 Diabetes
All study procedures were approved by the Institutional Animal Care and Use Committee (IACUC) of the University of Pittsburgh. Male C57BL/6 mice (Charles River), aged 8 to 9 wk, were injected intraperitoneally with or citrate buffer (control) or STZ (Sigma) dissolved in sterile citrate buffer (0.05 mol/l sodium citrate, pH 4.5, 60 mg/kg; Sigma), for 5 consecutive days during the first week of the study (22, 31, 38) . Whole blood glucose levels were measured with a OneTouch meter (LifeScan). Mice with a blood glucose level Ͼ 280 mg/dl were considered diabetic (22) and used for EPC isolation following 4 -6 wk of hyperglycemia.
EPC Culture and Characterization
Bone-marrow derived EPCs were isolated and cultured according to the latest published methods, including ours (10, 24, 40, 42) . Briefly, mononuclear cells were obtained by flushing the femurs and tibias of C57BL/6 mice. Immediately following isolation, cells were plated onto rat plasma vitronectin (Sigma)-precoated six-well plates at a density of 1 ϫ 10 6 cells/cm 2 and cultured in endothelial cell growth medium 2 (EGM-2, Lonza) supplemented with 5% fetal bovine serum (FBS, Hyclone) in 37°C 5% CO2. After 4 days in culture, nonadherent cells were washed away, and fresh medium was added. EPCs after 7 days in culture were used for all experiments.
To characterize the endothelial phenotype of the in vitro-cultured EPCs using previously established methods (32) , adherent cells after 7 days in culture were stained for DiI-acLDL (1 g/ml, Invitrogen) and FITC-conjugated isolectin (1 g/ml, Sigma). After nuclei staining by Hoechst 33258 (5 g/ml, Sigma), the cells were observed with an inverted fluorescent microscope (Nikon). In addition, expression of Sca-1, Flk-1, CD34, VE-cadherin (CD144), and CD11b were analyzed by flow cytometry (FACScan) and compared with freshly isolated mononuclear cells according to published procedures (10, 42) . The cells were detached and incubated with rat anti-mouse Sca-1-FITC antibody (1 g/1 ϫ 10 6 cells, BD) and rat anti-mouse Flk-1-PE antibody (0.5 g/1 ϫ 10 6 cells, BD), rat anti-mouse CD34-FITC antibody (1 g/1 ϫ 10 6 cells, BD), or rat anti-mouse CD11b-PE antibody (0.5 g/1 ϫ 10 6 cells, BD). The FITC or PE-conjugated isotype antibody was used as a control. To detect CD144, cells were incubated with goat anti-mouse CD144 antibody (2.5 g/1 ϫ 10 6 cells, R&D Systems) and then labeled with rabbit anti-goat Alexa 488 (0.625 g/1 ϫ 10 6 cells, Invitrogen). As a staining control, 0.5% goat serum was used together with the identical secondary antibodies. For flow cytometry analysis, 1 ϫ 10 4 cells were acquired, and data were processed using CellQuest software (BD).
In vitro EPC functions
Tube formation assay. In vitro angiogenic activity of EPCs was determined by Matrigel tube formation assay, as described previously (12, 42) , with minor modifications. EPCs were plated at a density of 5 ϫ 10 4 cells/well in 48-well plates precoated with 150 l/well growth factor-reduced Matrigel (BD). After a 24-h incubation in EGM-2 plus 5% FBS, images of tube morphology were taken by an inverted microscope (Nikon), and tube lengths were measured at five random fields at magnification of ϫ40 per sample.
Adhesion assay. For adhesion assays (12), 2.0 ϫ 10 4 EPCs were plated in 48-well plates coated with 1.0 g/ml vitronectin in triplicate as we described (12, 42) . After a 1-h incubation in EGM-2 plus 5% FBS, nonadherent cells were washed away, and adherent cells were fixed with 2% paraformaldehyde (PFA, Sigma). Nuclei were stained with Hoechst 33258 and were counted at five random fields in each well, at magnification ϫ100 for each sample.
Migration assay. EPC migration was measured using Boyden chambers (Costar) with 8-m pore size filters (34) . EPCs were plated at a density of 5 ϫ 10 4 per well in the upper chamber with 200 l of EBM-2 (Lonza)/5% FBS, while 500 l of EBM-2 with 5% FBS and recombinant human vascular endothelial growth factor (VEGF; 50 ng/ml, BD) was placed in the lower chamber. EPCs were allowed to migrate in a humidified incubator at 37°C for 24 h. Nonmigrated cells were removed by gently wiping the membrane's upper surface with a cotton swab. The cells on the membrane's lower side were fixed with 2% PFA and stained with Hoechst 33258. The number of EPCs was counted at magnification of ϫ200, and the mean value of five random fields was determined for each sample.
Western Blot Analysis
Western blotting was performed as we described previously (7, 22) . Proteins were extracted from cultured cells using CelLytic MT Cell Lysis Reagent (Sigma) and separated on SDS-polyacrylamide gels. Proteins were probed with the following antibodies: against MnSOD (1:1,000, BD), CuZnSOD (1:50,000, Abcam), heme oxygenase-1 (HO-1; 1:1,000, StressGen), catalase (1:1,000, BD), glutathione peroxidase-1 (Gpx1; 1:200, Santa Cruz Biotechnology), AMPK (1:1,000, Cell signaling), Thr 172 -phospho-AMPK (1:1,000, Cell Signaling), Ser 79 -phospho-acetyl-CoA-Carboxylase (ACC; 1: 1,000, Cell Signaling), and PP2A (1:1,000, Cell Signaling). ␤-Actin (1:10,000, Sigma) was used as an internal control. Secondary antibodies (Rockland) were IR Dye 700-conjugated anti-rabbit (1:4,000) and IR Dye 800-conjugated anti-mouse (1:5,000). The blots were scanned with an Odyssey imager (LI-COR Biosciences), and band intensity was determined with Quantity One System (Bio-Rad).
Adenoviral Vector Transfection
EPCs after 7 days in culture were transfected by a dominantnegative AMPK␣ 2 mutant-expressing adenovirus (Ad-AMPK-DN) that is known to inhibit basal and stimulated AMPK activity (25) . Cells were transfected by Ad-AMPK-DN and internal control ␤-galactosidase-expressing adenovirus (Ad-␤-gal) with a titer of 50 multiplicity of infection (MOI) as previously described (33) . Adenovirus transfection was performed in EGM-2 supplemented with 2% FBS for 24 h followed by change of EGM-2 with 5% FBS. After a further 48 h of cultivation, transfected EPCs were subjected to other experiments.
Small Interfering RNA Transfection
EPCs after 7 days in culture were replated at a density of 2.5-3.0 ϫ 10 4 /cm 2 and cultured overnight. For small interfering RNA (siRNA)-mediated gene knockdown, 100 nmol/l MnSOD or PP2A siRNA SMARTpool, synthesized by Dharmacon, was transfected into cells. The nonrelated scramble oligonucleotides were used as negative controls. All siRNAs were transfected into EPCs with DharmaFECT Transfection Reagent 1 (Dharmacon) according to the manufacturer's protocol and our published methods (42) . After 72 h of transfection, the cells were harvested for the other experiments.
Detection of Mitochondrial Superoxide in Epcs
Measurements of mitochondrial superoxide anion formation in EPCs were performed using flow cytometry analysis and MitoSOX as previously described (26) . Briefly, cultured EPCs were incubated with 5 M MitoSOX (Invitrogen) for 20 min at 37°C. Cells were detached using EDTA (GIBCO) and washed three times with HBSS with Ca/Mg (GIBCO). Mean fluorescent intensity was measured by flow cytometry (FACScan, BD).
MnSOD Activity Assay
MnSOD activity in cultured EPCs was measured as we described (22, 24) with minor modification. Briefly, cells were lysed in cold buffer (20 mmol/l HEPES, 1 mmol/l EGTA, 210 mmol/l mannitol, and 70 mmol/l sucrose), and lysates were centrifuged at 1,500 g for 5 min at 4°C. To separate mitochondrial MnSOD from cytosolic SOD, the 1,500-g supernatant was centrifuged at 10,000 g for 15 min at 4°C. The pellet was homogenized in cold buffer (mentioned above) and subjected to a commercial SOD Assay Kit (Cayman Chemical).
Statistical Analysis
Data are expressed as means Ϯ SE. Experimental means were subjected to either Student's t-test for two groups, or one-way ANOVA with Newman-Keuls multiple comparison test for more than two groups (7, 22) . A probability value of P Ͻ 0.05 was considered statistically significant. The above statistical analyses were performed using GraphPad Prism 5.0.
RESULTS
Induction of Diabetes in Mice
A 5-day low-dose STZ injection regimen was used to ensure sustained hyperglycemia. Under such a regimen, STZ-induced type 1 diabetic mice were characterized by significantly elevated blood glucose levels (456.0 Ϯ 24.46 vs. 165.3 Ϯ 7.35 mg/dl; n ϭ 36, P Ͻ 0.001) for 4 -6 wk compared with control mice.
Characterization of EPCs
After 7 days of cultivation, the cells were visualized by inverted microscopy and characterized by fluorescence stain- Fig. 2 . Manganese superoxide dismutase (MnSOD) expression and activity are decreased, accompanied by increased mitochondrial superoxide production in diabetic EPCs. A: protein level of MnSOD was decreased in STZ-induced type 1 diabetic EPCs, whereas those of CuZnSOD, catalase, heme oxygenase-1 (HO-1), and glutathione peroxidase-1 (Gpx1) were not significantly changed; n ϭ 4 -6. *P Ͻ 0.05 vs. control. B: MnSOD activity was also decreased in diabetic EPCs compared with control; n ϭ 5. *P Ͻ 0.05. C: mitochondrial superoxide level was elevated in diabetic EPCs; n ϭ 4 -5. *P Ͻ 0.05 vs. control.
ing. In vitro expanded EPCs derived from the bone marrow of C57BL/6 mice exhibited endothelial cell-like morphology and formed endothelial colonies (Fig. 1A ). EPCs were qualified as adherent cells, stained double positive for DiI-acLDL and FITC-isolectin (Fig. 1, B 
-E).
To further characterize bone marrow-derived EPCs, the stem cell markers (Sca-1, CD34), endothelial cell markers (Flk-1, CD144), and a monocyte marker (CD11b) were examined by flow cytometry. Compared with freshly isolated mononuclear cells, the percentages of cell population-bearing stem cell markers in 7-day cultured EPCs were increased for Sca-1 from 16 
MnSOD Expression Is Deficient in Diabetic EPCs, Accompanied by Increased Mitochondrial Superoxide Level
Increased oxidative stress represents one critical mechanism underlying the impairment of in vivo and in vitro EPC functions in diabetes (36) . Higher expressions of antioxidant enzymes play a critical role in equipping EPCs with more resistance to oxidative stress compared with mature endothelial cells (5, 14) . To investigate the potential mechanism accounting for the excessive oxidative stress in diabetic EPCs, we first compared the protein levels of antioxidant enzymes between diabetic and control EPCs, including MnSOD, CuZnSOD, HO-1, catalase, and Gpx-1. As shown in Fig. 2A , MnSOD protein was significantly decreased in diabetic EPCs compared with controls (P Ͻ 0.05), whereas there was no significant difference in protein levels of CuZnSOD, HO-1, catalase, or Gpx-1. In parallel, MnSOD activity was also reduced in diabetic EPCs (P Ͻ 0.05 vs. controls; Fig. 2B ). Subsequently, diabetic EPCs displayed increased mitochondrial superoxide level compared with EPCs from control mice, indicated by higher MitoSOX Red fluorescent intensity (P Ͻ 0.05; Fig. 2C ).
AMPK Activation Augments MnSOD and Reduces Mitochondrial Superoxide in Diabetic EPCs
Since AMPK activation was reported to induce MnSOD and reduce hyperglycemia-induced mitochondrial ROS production in endothelial cells (19) Fig. 3A) . Moreover, AMPK activation by exposure of diabetic EPCs to its selective agonist AICAR restored the deficient MnSOD protein level in diabetic EPCs (P Ͻ 0.05 vs. vehicle treatment; Fig. 3B) . Consistently, the decreased MnSOD activity was also restored by AMPK activation (P Ͻ 0.05; Fig. 3C ). Furthermore, AICAR inhibited the elevated mitochondrial superoxide level in diabetic EPCs (P Ͻ 0.05; Fig. 3D ). In addition, compound C pretreatment abolished the increased MnSOD protein and activity caused by AICAR in diabetic EPCs [ Supplemental Fig.  S1 , A and B (supplementary materials are found online at the Journal website)], suggesting that AICAR restores MnSOD through AMPK activation. To further confirm the role of AMPK activation in regulating MnSOD, the dominant-negative AMPK␣2 mutant-expressing adenovirus Ad-AMPK-DN was transfected into normal EPCs to downregulate AMPK activation. Western blot data showed that the p-AMPK level was significantly reduced by Ad-AMPK-DN transfection (P Ͻ 0.05; Fig.  3E ), and Ad-AMPK-DN transfection inhibited the protein level of MnSOD and its activity in normal EPCs compared with that with Ad-␤-gal transfection (P Ͻ 0.05; Fig. 3F ).
AMPK Activation Improves Diabetic EPC Functions
To determine whether AMPK activation exerted beneficial effects in protecting EPC functions in type 1 diabetes, we further performed in vitro function assays in EPCs. Results showed that the ability of in vitro tube formation on Matrigel was significantly impaired in diabetic EPCs, which was rescued by AMPK activation following AICAR treatment (1 mM for 24 h, P Ͻ 0.05; Fig. 4A ). Moreover, the decreased cell number of adhesion to vitronectin was improved by AICAR treatment in diabetic EPCs (P Ͻ 0.05 vs. vehicle treatment; Fig. 4B ). AICAR also rescued the impaired migratory capacity of diabetic EPCs (P Ͻ 0.05; Fig. 4C ). In addition, AICARinduced improvement of tube formation, adhesion, and migration was abolished by AMPK antagonist compound C pretreatment in diabetic EPCs (Supplemental Fig. S2, A-C) . In normal EPCs, inhibiting AMPK activation by Ad-AMPK-DN transfection significantly impaired their normal abilities of tube formation, adhesion and migration (P Ͻ 0.05 vs. Ad-␤-gal transfection; Fig. 4, A-C) .
Silencing MnSOD Abolishes Improved Diabetic EPC Functions Induced by AMPK Activation
To further investigate whether MnSOD plays a causal role in AMPK-induced improvement of EPC functions, MnSOD siRNA was used to knock down MnSOD in diabetic EPCs before AICAR treatment. Western blot analysis confirmed that MnSOD siRNA decreased MnSOD level by 60% compared with scramble control transfection in diabetic EPCs (P Ͻ 0.05; Fig. 5A ). The results of in vitro function assays showed that AICAR-induced improvement of EPC tube formation on Matrigel was abolished after MnSOD silencing (P Ͻ 0.05 vs. scramble control; Fig. 5B ). Likewise, the improved capacity of EPC migration in diabetes was also inhibited by MnSOD downregulation (P Ͻ 0.05 vs. scramble control; Fig. 5D ). However, silencing MnSOD did not alter the increased adhesion ability of EPCs following AICAR treatment (Fig. 5C ).
Increased PP2A Contributes to AMPK Deficiency in Diabetic EPCs
PP2A inactivates the phosphorylated form of AMPK in endothelial cells (39) . We examined a potential mechanism underlying AMPK deficiency in diabetic EPCs. Diabetic EPCs showed a significantly higher level of PP2A protein (P Ͻ 0.05 vs. control EPCs; Fig. 6, A and B) . Next, we performed PP2A silencing in diabetic EPCs to examine the role of PP2A in regulating AMPK activation. As shown in Fig. 6B , PP2A protein level in diabetic EPCs was decreased by 50% (P Ͻ 0.05). Consequently, the decreased AMPK-Thr 172 and ACCSer 79 phosphorylations and MnSOD protein levels were restored due to PP2A inhibition in diabetic EPCs (P Ͻ 0.05 vs. scramble control; Fig. 6, C and D) . We also treated diabetic EPCs with okadaic acid [OA; 20 nM for 2 h (39)], a selective PP2A inhibitor, to obverse the changes of AMPK activity and MnSOD levels. The Western blot data showed that OA restored the deficient AMPK activation (phosphorylation of AMPK-Thr 172 and ACC-Ser 79 ) and consequently reversed MnSOD protein level in diabetic EPCs (*P Ͻ0.05; Fig. 6 , E-G). These results are consistent with those after PP2A siRNA transfection.
DISCUSSION
The major new findings of this study unveiled several new mechanisms of AMPK protection on diabetic EPC angiogenesis. First, EPCs from SZT-induced type 1 diabetic mice displayed deficient AMPK activity, which is normalized by AICAR in vitro treatment. Second, AMPK activation restored the deficiency of both MnSOD protein and activity and suppressed mitochondrial superoxide level in diabetic EPCs. Third, AMPK activation-induced improvements of diabetic EPC tube formation and migration were dependent on MnSOD induction in type 1 diabetes. Finally, PP2A inhibition restored the deficient AMPK activation and MnSOD protein level in diabetic EPCs. A schematic illustration is presented in Fig. 7 .
Recently, EPC therapy has become an attractive alternative strategy to current pharmacological, interventional, or surgical treatments for vascular complications characterized by impaired angiogenesis in diabetes, such as refractory wounds (1). However, several clinical trials of EPC therapy for ischemia revealed that autologous cell therapy for diabetic patients did not exert the same clinical efficacy as in nondiabetic patients (18, 28) . A major reason could be that EPCs from diabetic patients have extensive dysfunction in repairing tissue, consequently leading to inefficient therapy in the clinic. Consistent with EPC studies in patients with diabetes (21, 37) , our study herein demonstrated that bone marrow-derived EPCs from STZ-induced type 1 diabetic mice exhibited distinctly poor angiogenic properties. Therefore, EPCs biologically modified to augment their angiogenic functions may be a potent thera- peutic tool. Therefore, it is imperative to first understand the potential mechanisms underlying EPC dysfunction in diabetes.
Hyperglycemia is the metabolic hallmark of diabetes and leads to widespread cellular damage. An excess of glucose sets off a chain of metabolic events that culminate in superoxide anion overproduction from the mitochondrial electron transport chain (2) . In diabetes, continuous exposure of endothelial cells (mature and EPC) to ROS makes them a prime target for oxidative stress (35) . Protection against oxidative stress by ROS is accomplished by a complex defense system composed of several antioxidant enzymes that reduce the damaging effects of ROS. The organelles most vulnerable to oxidative stress are the mitochondria because of the permanent potential for the production of superoxide anions. Superoxide anions are converted to hydrogen peroxide by SODs, whereas hydrogen peroxide is detoxified by the enzymes catalase and glutathione peroxidase (GPx). Because of the localization of MnSOD and GPx-1 in the matrix of the mitochondria, in close proximity to the production of ROS by the electron transport chain, these two enzymes are believed to be the primary antioxidant defense systems in the mitochondria (11) . In vitro studies demonstrated that EPCs express higher levels of MnSOD and Gpx1 (5, 14) . Our recent study has demonstrated that decreased expression of MnSOD in EPCs contributes to delayed wound healing in type 2 diabetes (24). These findings support the notion that EPCs require antioxidant enzymes for their functional capacity, especially in diabetes. In the present study, we found that the protein level and enzymatic activity of MnSOD were significantly reduced in EPCs from STZ-induced type 1 diabetic mice, similarly with their changes in EPCs from type 2 diabetes recently reported by our group (24) . They were accompanied by accumulating mitochondrial superoxide level and significant impairment of EPCs' in vitro functions. In contrast, other antioxidant en- zymes, including CuZnSOD, HO-1, catalase, and Gpx-1, remained unchanged. These results suggest that MnSOD may act as one critical antioxidant enzyme to protect EPCs from oxidative stress in type 1 diabetes.
AMPK, a serine/threonine protein kinase, has recently come into focus because of its potential roles in regulating other signaling pathways in addition to its role in controlling energy metabolism, such as in regulating oxidative stress (43). Ido et al. (17) showed that the AMPK activator AICAR increased AMPK activity in human umbilical vein endothelial cells (HUVEC) and completely prevented the high-glucose-induced increase in HUVEC apoptosis induced by oxidative stress, suggesting that AMPK could play an important role in protecting the endothelial cells against the adverse effects of sustained hyperglycemia. Ouslimani et al. (30) reported that metformin, an AMPK activator, decreases intracellular ROS level in aortic endothelial cells from NADPH oxidase and the respiratory mitochondrial chain. These studies indicate that AMPK is beneficial to endothelial function via suppressing oxidative stress. In the present study, bone marrow-derived EPCs isolated from type 1 diabetic mice displayed decreased AMPK activity. By utilizing a selective agonist of AMPK (AICAR), we observed that AMPK activity was normalized in diabetic EPCs. AICAR also restored the deficient MnSOD protein level and its enzymatic activity, resulting in the reduction of mitochondrial superoxide level in diabetic EPCs. In addition, AMPK antagonist compound C was found to abolish AICARinduced MnSOD upregulation in diabetic EPCs, suggesting that AICAR restores MnSOD levels through AMPK activation in diabetic EPCs. This is consistent with the previous finding in endothelial cells reported by Kukidome et al. (19) that AMPK activation reduces hyperglycemia-induced mitochondrial ROS production by induction of MnSOD in HUVEC. To further verify the role of AMPK activation in regulating MnSOD levels in EPCs, a dominant-negative AMPK mutant (Ad-AMPK-DN) was transfected into EPCs to downregulate AMPK activation. AMPK downregulation reduced the protein level MnSOD and also inhibited its activity in normal EPCs. Taken together, these findings demonstrate that AMPK activation alleviates oxidative stress by upregulating MnSOD in EPCs, a critical antioxidant enzyme that maintains their normal EPC functions.
AMPK has been shown to serve as a new regulator of angiogenesis under some conditions, such as hypoxia (27) . Dominant-negative AMPK mutant was reported to suppress both endothelial cell migration to VEGF and in vitro differentiation into tube-like structures under hypoxic conditions (27) . AMPK has also been shown to promote EPC differentiation, and in vitro and in vivo angiogenesis in human circulating EPCs (20) . In the present study, we observed that bone marrow-derived EPCs isolated from type 1 diabetic mice had reduced AMPK activity. By utilizing the selective agonist of AMPK AICAR, we found that AMPK activity was normalized in diabetic EPCs, leading to their restored angiogenic functions including Matrigel tube formation, adhesion, and migration. In addition, AICAR-induced improvement of diabetic EPCs functions was abolished by AMPK antagonist compound C. These results suggest that insufficient AMPK activation may be one critical factor resulting in EPC dysfunctions in type 1 diabetes, and AICAR rescues diabetic EPC dysfunction through AMPK activation. AMPK activation upregulates MnSOD level, which plays an essential role in suppressing oxidative stress in diabetic EPCs, suggesting that upregulation of MnSOD may play a crucial role in mediating AMPK protective effects on diabetic EPC functions. This point was further confirmed by the evidence that MnSOD silencing blunted the improvement of EPC tube formation and migration caused by AMPK activation. But AMPK-induced EPC adhesion ability was not altered by silencing MnSOD. This may be elucidated by other angiogenesis-related mechanisms, which are supposed to be regulated by AMPK activation. Activated AMPK is reported to increase endothelial (e)NOS phosphorylation, causing EPC-EC differentiation, and in vitro and in vivo angiogenesis (20) . And AMPK activation can increase VEGF production and promote angiogenesis in muscle in response to ischemic injury (29) . Therefore, eNOS or VEGF may be involved in the improvement of EPC adhesion ability by AMPK activation. Certainly, their roles in mediating AMPK in protecting EPC functions under diabetic condition need to be further investigated.
Because AMPK activity was deficient in cultured EPCs from type 1 diabetes, we further delineated the upstream regulation accounting for this deficiency. The delicate AMPK phosphorylation is maintained by upstream protein kinase and serine/ threonine phosphatase. Protein kinases responsible for AMPK activation include Peutz-Jeghers syndrome kinase LKB1 (LKB1) (13) and the Ca 2ϩ /calmodulin-dependent protein kinase kinase (CaMKK) (16) . In contrast, PP2A and PP2C, two serine/threonine phosphatases, were identified to inactivate the active and phosphorylated form of AMPK in cell-free assays (4) . In the present study, we examined the levels of LKB1, CaMKK, PP2A, and PP2C in diabetic EPCs and found that diabetic EPCs possessed an elevated PP2A level, whereas others were not altered (data not shown). Furthermore, silencing PP2A restored AMPK activity and MnSOD level in diabetic EPCs. These observations suggest that increased PP2A may contribute to the deficient AMPK activation in diabetic EPCs.
In summary, our current study demonstrates, for the first time, that AMPK activation suppresses mitochondrial superoxide level and exerts a proangiogenic effect by inducing MnSOD in EPCs from type 1 diabetes. These findings may provide a new mechanistic basis for promoting therapeutic angiogenesis by activating AMPK to rescue deficient MnSOD in EPCs under cardiovascular disease conditions including diabetes.
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